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From the electrical resistivity and ac susceptibility measurements down to T = 40 mK, a rich
temperature-field phase diagram has been constructed for the geometrically frustrated heavy-fermion
compound CePdAl. In the limit of zero temperature, the field-induced suppression of the antifer-
romagnetism in this compound results in a sequence of phase transitions/corssovers, rather than a
single critical point, in a critical region of field 3−5 T. In the lowest temperature region, a power-
law description of the temperature-dependent resistivity yields A·Tn with n>2 for all applied fields.
However, a quadratic-in-temperature resistivity term can be extracted when assuming an additional
electron scattering channel from magnon-like excitations, with A diverging upon approaching the
critical regime. Our observations suggest CePdAl to be a new playground for exotic physics arising
from the competition between Kondo screening and geometrical frustration.
PACS numbers: Valid PACS appear here
While identifying the magnetic ground state of a geo-
metrically frustrated insulating spin system continues to
be an intriguing topic in condensed matter physics1, frus-
trated metallic magnets with Kondo screening emerge as
a new playground for exotic physics2–5. The ground state
of a Kondo lattice composed of localized f electrons and
a surrounding Fermi sea in the absence of geometrical
frustration has been well described by Doniach’s phase
diagram6. At one side of an appropriate external tun-
ing parameter such as pressure, the indirect exchange
interaction between f sites, i.e., the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction tends to drive the
system to be magnetically, usually antiferromagnetically,
ordered. At the other, the Kondo effect prevails and
screens the magnetic moments of f electrons, giving rise
to a Landau Fermi liquid (LFL) with enhanced mass of
composite quasiparticles. If the magnetic order disap-
pears in a smooth way as a function of the tuning pa-
rameter, a quantum critical point (QCP) ensues. In the
vicinity of a QCP where quantum fluctuations are domi-
nating over thermal fluctuations, interesting physics like
unconventional superconductivity and non-Fermi liquid
(nFL) phenomena may arise7. The presence of geomet-
rical frustration may lead to additional quantum fluctu-
ations of local moments, adding to the delicate compe-
tition between the Kondo effect and RKKY interaction.
Theoretically, a global phase diagram which goes beyond
the single QCP in Doniach’s phase diagram has been pro-
posed for such a system, with quantum spin liquid, mag-
netic order, LFL and nFL behavior in different parts of
phase space3,5. Experimentally, however, this topic is
largely unexplored, partly due to the lack of appropriate
frustrated Kondo systems.
A Kondo-lattice series coming into attention in this
context crystallizes in the hexagonal ZrNiAl-type struc-
ture with space group P 6¯2m8,9. There, the rare-earth
atoms occupying the Zr site form a quasi-Kagome lat-
tice with corner-sharing equilateral triangles in the ab-
plane10. Geometrical frustration has been discussed as
having a profound influence to the ground-state physics
of this compound series. For example, a complex
temperature-field (T -B) phase diagram was found in a
Yb-based homologue, YbAgGe, with multiple magnetic
phases and a nFL regime that was ascribed to quantum
bicriticality in the presence of significant frustration8,11.
Moreover, it was demonstrated for CeRhSn by ther-
mal expansion measurements that the geometrical frus-
tration in the ab plane is responsible for its zero-field
quantum criticality12. CePdAl of this series is a typi-
cal heavy-fermion compound, with a single antiferromag-
netic (AFM) transition at TN = 2.7 K and a Sommerfeld
coefficient of the electronic specific heat, γ = 270 mJ/mol
K213–15. In this compound, the intra-plane nearest neigh-
bour distance of Ce is 3.722 A˚, significantly shorter than
the inter-plane distance 4.233 A˚9. This guarantees a
significant 2-dimensional geometrical frustration in the
basal plane. Consequently, neutron scattering measure-
ments have detected that the antiferromagnetism below
TN involves only two-thirds of the Ce moments, with an
incommensurate propagation vector Q = [1/2, 0, 0.35]16.
One-third of the Ce moments remain disordered below
TN, down to at least 30 mK
17. In other words, the equiva-
lent (3f) sites of Ce atoms in paramagnetic regime break
down into two inequivalent groups at T < TN: Ce(1) and
Ce(3) which are involved in the AFM ordering and Ce(2)
that forms a frustrated network hindering the magnetic
interaction between Ce(1) and Ce(3)16. Noticeably, the
strong uniaxial crystal electric field (CEF) leads CeP-
dAl to be an effective spin 1/2 Ising-like system14, with
a susceptibility ratio χc/χab > 20 at T = 2 K. This is
to be compared to the homologue YbAgGe, which has
its magnetic easy direction in the basal plane and only a
moderate anisotropy, χab/χc ≈ 3
18.
An unusual AFM state in CePdAl has also been
2recognized in thermodynamic and magnetic measure-
ments. While specific heat shows a well-defined λ-shaped
anomaly at 2.7 K9,15 signalling the onset of the AFM
ordering, magnetic susceptibility χ(T ) exhibits a broad
maximum at higher temperature, T ≈ 4 K14. This dis-
crepancy has been discussed in terms of enhanced short-
range magnetic correlations17. We note that, this phe-
nomenon appears to be common in many frustrated mag-
nets. In such systems, TN, if it exists, may lead to a kink
in χ(T ) below the temperature of a broad maximum as-
sociated with enhanced magnetic fluctuations, as is seen,
for example, in the honeycomb lattice iridates Na2IrO3
and Li2IrO3
19. Furthermrore, a spin-glass-like nature of
the ordered state has been detected by the frequency
dependence of the ac susceptibility for a polycrystalline
sample of CePdAl20. Hydrostatic pressure21 and chemi-
cal substitution9 have been shown to be able to suppress
the AFM ordering and establish a QCP. However, the
specific nature of this QCP, influenced by the enhanced
quantum fluctuations associated with geometrical frus-
tration, remains yet to be explored. In this work, we use
magnetic field as tuning parameter to explore the phase
diagram of CePdAl. By measuring the resistivity and ac
susceptibility on high quality single crystals down to T
= 40 mK and up to B = 14 T, we were able to construct
a detailed T -B phase diagram. Extrapolating our data
to T = 0 K we conclude that multiple quantum phase
transitions, rather than a single QCP, emerge consecu-
tively in a confined critical region (3−5 T), following a
smooth field-suppression of the AFM ordering. Fitting
the low-temperature resistivity to a power-law function
results in an exponent n > 2 for all applied fields; in
other words, we don’t observed either nFL behavior with
n < 2 or Fermi liquid behavior with n = 2. However, the
existence of a field-induced QCP is indeed suggested by
the diverging A coefficients estimated from the extracted
quadratic-in-temperature resistivity term, which was ob-
tained after taking into account a scattering channel from
magnon-like excitations.
A high-quality single crystal of CePdAl was grown by
the Czochralski technique in an argon gas atmosphere
with induction heating14. The temperature and field-
dependent electrical resistivity ρ(T,B) was measured
with a four-probe technique down to T = 40 mK using a
3He-4He dilution refrigerator in a magnetic field up to 14
T. Ac susceptibility χac(T,B) was measured in the same
temperature and field ranges, utilizing a lock-in amplifier.
The magnetic field was applied along the crystallographic
c axis, which is the direction of the Ising-like moment, in
all the measurements. This allows for a suppression of
the AFM ordering in a moderate field less than 5 T. By
contrast, if the field is oriented within the ab-plane, we
estimate the critical field to be larger than 30 T, far be-
yond the fields accessible in our measurements.
Figure 1a shows the in-plane electrical resistivity ρ(T )
for T < 2 K measured in various magnetic fields B‖c.
Previous reports13,14 have shown that ρ(T ) at zero field
exhibits a broad maximum at T ≈ 4 K, while the AFM
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FIG. 1: Electrical resistivity ρ(T ) (a) and ac susceptibility
χac(T ) (b) as a function of temperature measured in various
dc magnetic fields applied along the c axis of CePdAl. The
values of ρ(T ) are offset vertically for clarity. Arrows indicate
possible phase transitions or crossovers.
ordering at TN = 2.7 K can be hardly detected from re-
sistivity. Increasing the magnetic field to above 3 T, a
clear anomaly appears to be visible in the ρ(T ) curves, as
indicated by the vertical arrows in Fig. 1a. With further
increasing field, the position of the anomaly initially in-
creases, then decreases for B > 3.9 T, forming a distinct
dome in the T -B phase diagram to be discussed below.
In certain fields, e.g., B = 3.6 and 3.7 T, more than
one anomaly can even be confirmed. Similarly, all these
anomalies are also seen in the ac susceptibility χac(T )
measured at various superimposed dc fields, as shown in
Fig. 1b. As χac is more sensitive to phase transitions,
it is possible to trace the smooth suppress of TN at B
< 3 T in ac susceptibility measurements. Likewise, the
development of multiple phase boundaries in the critical
regime between B = 3 and 5 T is also clearly revealed by
these measurements.
The phase boundaries seen in the ρ(T ) and χac(T )
curves are further confirmed by isothermal measurements
as a function of field. As shown in Fig. 2a, ρ(B) at T
< 1 K is a complicated function of B and displays a
pi-shaped field-variation with multiple sharp features in
between B = 3 and 5 T. This is in good agreement to
previous ρ(B) measurements performed at a single tem-
perature, T = 0.6 K21. Similar ρ(B) profiles have been
observed in, for example, CeAuSb2
22 and CeAgBi2
23,
whose zero-field AFM states evolve into multiple metam-
agnetic states upon increasing the field. The sequence of
the multiple phase transitions in CePdAl is much more
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FIG. 2: Low-temperature isotherms of resistivity and ac sus-
ceptibility measured as a function of field. (a) ρ(B) measured
in the configuration I‖ab and B‖c. (b) Derivative of the re-
sistivity with respect to field, dρ/dB, to highlight the phase
boundaries. (c) A round-trip field scan of resistivity at T =
100 mK to illustrate the hysteresis of the multiple metamag-
netic transitions. Inset shows the profile of ρ(B) in the higher
field region up to 14 T. (d) ac susceptibility χac(B) measured
with a superimposed dc field applied along c. Dashed lines
in panels b and d, labeled as BAB, BBC, BCD, BS1 and BS2,
denote probable phase boundaries. See text for details.
clearly evidenced by corresponding jumps and shoulders
in the field dependence of dρ(B)/dB, cf. Fig. 2b. The
positions of the three sharp jumps are denoted as BAB,
BBC, and BCD, and those of the two following shoulders,
as BS1 and BS2, from the low to the high field side. A
careful field scan for ρ(B) at temperatures below T ≈ 600
mK (Fig. 2c) reveals a weak hysteresis forBAB, BBC, and
BCD, hinting at first-order phase transitions. Likewise,
similar phase boundaries as revealed in dρ(B)/dB are un-
ambiguously detected in the χac(B) isotherms measured
at different temperatures below 1.5 K (cf. Fig. 2d). Note
that the positions of these anomalies agree well to the
field-induced metamagnetic transitions observed in the
magnetization curve measured at T = 0.51 K21. At T >
0.8 K, the sharp features at the critical fields BAB, BBC,
and BCD as seen in ρ(B) and χac(B) apparently broaden
suggesting second-order phase transitions at these ele-
vated temperatures.
As shown in Fig. 3, the T -B phase diagram con-
structed from the aforementioned measurements consists
of a variety of phase lines, separating at least six different
low-temperature phases (A-E). As already mentioned, a
smooth suppression of the AFM order by field at B <
3 T does no lead to a single QCP as observed in pro-
totypical heavy-fermion systems, e.g., YbRh2Si2
24. In
parallel to the case of YbAgGe8,11, this is believed to
be a consequence of geometrical frustration of local mag-
netic moments forming the quasi-Kagome lattice. The
sequence of the multiple phase boundaries is observed
in a very confined critical phase space in the vicinity of
a magnetic dome (phase C), i.e., between B = 3 and 5
T. This is to be compared to the T -B phase diagram
composed of a similar sequence of transitions in, e.g.,
YbAgGe8 and CeAgBi2
23, where the metamagnetic tran-
sitions are spread over a considerably large phase space.
Following previous neutron scattering experiments16, the
large phase space at the low-temperature, low-field corner
(phase A) is an incommensurate AFM phase associated
with two-thirds Ce moments at sites Ce(1) and Ce(3),
though the incommensurate component of the wave vec-
tor has been found to be slightly field dependent25.
In view of the AFM nature and the strong magnetic
anisotropy in phase A, it is tempted to assume that the
phase boundaries at BAB and BBC are due to spin flop
of the two-thirds ordered moments and phases B and C
are canted AFM phases. However, the situation seems
not that simple. Neutron diffraction measurements per-
formed on single crystals indicate that the geometrical
frustration is partially lifted in field and the moments
at Ce(2) sites participate, at least partially, in the field-
induced magnetic phases25. At a first glance, phase D
seems a high-field extension of phase B, forming a sin-
gle phase that encircles the smaller dome of phase C.
This is very likely not the case: As evidenced from the
low-temperature ρ(B) curves, the magnetic fluctuations
that dominate electron scattering in phase B and D are
significantly different.
Compared to the apparent magnetic nature of phases
B and C, which shows significant impact of spin-
fluctuations on the T /B-dependence of the resistivity,
the nature of phase D, where the spins are substantially
aligned and the low-T magnetoresistance (Fig. 2a) is
abruptly diminished, remains elusive. As seen in Fig. 2b
and 2d, the phase boundary between the paramagnetic P
phase and phase D is marked by a broad shoulder at BS1
in ρ(B) and χac(B), with a large error bar along the field
direction, cf. Fig. 3. Therefore, the BS1 line may simply
reflect a crossover. Here, one possibility is to refer phase
D as a transitional one between the magnetically ordered
phase C and paramagnetic phase P. In this case, an excit-
ing scenario would be a field-induced metallic spin liquid
state, the magnetic fluctuations associated with it giv-
ing rise to the shoulder in both dρ/dB(B) (Fig. 2b) and
χac(B) (Fig. 2d). Such a phase has been proposed for
6% Ir substituted YbRh2Si2 in connection with a Kondo
breakdown detached from its AFM QCP26.
The nature of the presumably nonmagnetic phase E
is elusive, too. In Doniach’s phase diagram, this would
represent a LFL state with a large Fermi surface due to
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FIG. 3: T -B phase diagram for CePdAl constructed from re-
sults of resistivity and ac susceptibility measurements as a
function of both temperature and field. TN obtained from
specific-heat measurements is also shown. Note the critical
field region between B=3 and 5 T, where a sequence of phase
boundaries were detected. As the phase boundary of the high-
field phase E is derived from a shoulder at BS2 in dρ(B)/dB
and χac(B), it has a large error bar. The dashed line connect-
ing several data points at B>4.5 T, which were extracted from
χac(T ) measurement, may reflect the broad crossover between
phase P and phase E or, alternatively, a Kondo breakdown
line.
heavy quasiparticles. Characterizing the coherent propa-
gation of Kondo singlets, a positive magnetoresistance as
found in most nonmagnetic metals, is usually observed in
this phase, as holds for YbRh2Si2
27. However, for CeP-
dAl, the magnetoresistance measured at T = 100 mK is
negative up to at least 12 T (cf. Fig. 2c inset), hinting
at significant spin fluctuations which persist deep inside
the E phase. As the AFM ordering is already suppressed
in phase E, one expects that the inequivalency of ordered
and disordered Ce sites is lifted. In this case, how zero-
point fluctuation arising from geometrical frustration can
compete Kondo screening in forming an unconventional
Kondo singlet remains an extremely interesting and chal-
lenging topic. In Fig. 3, a dashed line connecting sev-
eral data points obtained from the position of the shoul-
der in χac(T ) is shown at B > 4.5 T. As is known for
YbRh2Si2
26,27, in the regime of quantum criticality, a
peak has been detected in ac susceptibility as a function
of temperature, reflecting the energy scale of local Kondo
breakdown. More detailed experiments are needed in or-
der to clarify whether this can take place also in CeP-
dAl. Alternatively, this line may simply reflect the broad
crossover between phase P and phase E.
Given the sequence of first-order metamagnetic phase
transitions and the following continuous phase bound-
aries that are approaching to zero temperature in a con-
fined field regime, it is interesting to explore the T -
dependence of ρ(T ) and search for deviations from the
LFL-type T 2 behavior due to dominating quasiparticle-
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FIG. 4: (a) Magnetic field dependence of the exponent n es-
timated by fitting the resistivity in the lowest temperature
region (typically below 300 mK) to ρ = ρ0 + A·T
n. (b) A co-
efficient of the extracted quadratic-in-temperature resistivity
term from the raw data. See text for detail. The resistivity
measured at T = 100 mK, regarded as the residual resistivity
ρ0, is shown by the dotted line for comparison. The thick ver-
tical lines are used to distinguish regions of different phases.
Inset: The power-law fits as well as the fits taking into account
scattering of magnon-like excitations to low-temperature ρ(T )
curves (offset vertically) measured in several typical fields.
quasiparticle scattering. In fact, in YbAgGe28, a lin-
ear ρ(T ) has been observed in an extended field region
beyond the suppression of AFM state. As displayed in
Fig. 4a and the inset of Fig. 4b, our fitting of the mea-
sured ρ(T ) below 300 mK to the power-law expression
ρ = ρ0 + AT
n yields an exponent n > 2 in the whole
field region, with a large scattering in the vicinity of the
critical fields (3−5 T). The absence of n < 2, a finger-
print for nFL behavior, is either intrinsic, considering the
first-order nature of the metamagnetic phase transitions,
or masked by other inherent magnetic excitations. At
least for the magnetic phases A-C, the quasiparticles from
AFM magnons will add to the quasiparticle-quasiparticle
scattering, giving rise to n > 2. The fact that n > 2 in
the whole field range including the high-field E phase
indicates some kind of robust spin-dependent scattering
of the quasiparticles. This is consistent with the nega-
tive magnetoresistance persisting deep into the phase E
(cf. inset of Fig. 2c). A straightforward interpretation,
as mentioned above, is that the geometrical frustration
hinders the formation of a nonmagnetic coherent heavy-
fermion state, giving rise to a strange metal regime even
in the phase E3. To further investigate the possibility
5of an underlying QCP masked by yet unidentified mag-
netic excitations, we tried to fit all ρ(T ) curves assuming
an extra scattering channel due to magnon-like excita-
tions, in addition to a quadratic dependence29: ρ(T ) =
ρ0 + aT (1+2T /∆s)exp(-∆s/T )+A·T
2. Here ∆s is the
energy gap for magnon excitations. Indeed, we can de-
scribe most of the ρ(T ) curves in the lowest temperature
region reasonably well, with a tiny ∆s < 1 K, cf. inset of
Fig. 4b. The obtained coefficient A is plotted in Fig. 4b.
An apparent divergence is observed in the field interval 3
− 5 T, despite considerable scattering of the data points.
The values of ρ(B) measured at T = 100 mK, regarded
as residual resistance ρ0, is re-plotted in Fig. 4b, too.
There is a good agreement between the profiles of A(B)
and ρ0(B), as have been seen in, e.g., Sr3Ru2O7
30. Sim-
ilarly, the latter compound has an unconventional QCP
approached by fully suppressing the critical end point
of first-order metamagnetic phase transition line by ap-
plying a magnetic field. It is interesting to note that in
Sr3Ru2O7, a power-law description of the low tempera-
ture ρ(T ) curves, with n > 2, was also possible, though
in the vicinity of its QCP only.
In conclusion, we have constructed a detailed T -
B phase diagram for CePdAl, a heavy-fermion com-
pound with geometrically frustrated Ce moments in the
Kagome-like ab plane. When a magnetic field is applied
along the magnetic easy c-direction, TN is smoothly de-
pressed up to B = 3 T. With further increasing field,
instead of a single QCP, a critical regime with multiple
phase transitions/crossovers are observed in a confined
field region, 3−5 T. Over the entire field regime and down
to the lowest temperature, no apparent nFL behavior,
but rather a power-law dependence with an enhanced
exponent n > 2 was obtained for ρ(T ). Only after tak-
ing into account scattering from additional magnon-like
excitations, one can extract a quadratic-in-temperature
term of resistivity, with diverging A coefficient towards
the critical field region, suggesting an underlying puta-
tive QCP. Even more, between the magnetic phase C and
the paramagnetic phase P, there appears a transitional
phase D which deserves special attention in view of po-
tential metallic spin liquid state. Similarly, phase E may
be unconventional, too, in view of pronounced magnetic
fluctuations. Further in-depth investigations are badly
needed in order to get a deeper insight into the manifold
of potentially novel ground states.
The authors are grateful to discussion with A. Stry-
dom, Q. Si, R. Yu, P. Gegenwart, Y. Tokiwa, J-G. Cheng
and Y.F. Yang. This work was supported by the MOST
of China (Grant No: 2015CB921303), the National Sci-
ence Foundation of China (Grant No:11474332), and the
Chinese Academy of Sciences through the strategic pri-
ority research program (XDB07020200).
∗ Electronic address: pjsun@iphy.ac.cn
1 L. Balents, Nature 464 (2010) 199.
2 Q. Si, Physica B 378-380 (2006) 23.
3 P. Coleman and A. H. Nevidomskyy, J. Low Temp. Phys.
161 (2010) 182.
4 M.S. Kim and M.C. Aronson, J. Phys.: Condens. Matter
23 (2011) 164204.
5 Q. Si and S. Paschen, Phys. Status Solidi B bf 250 (2013)
425.
6 S. Doniach, Physica B+C 91 (1977) 231.
7 P. Gegenwart, Q. Si, and F. Steglich, Nat. Phys. 4 (2008)
186.
8 G. M. Schmiedeshoff et al., Phys. Rev. B 83 (2011)
180408R.
9 V. Fritsch, N. Bagrets, G. Goll, W. Kittler, M.J. Wolf, K.
Grube, C.-L. Huang, and H.v. Lo¨hneysen, Phys. Rev. B
89 (2014) 054416.
10 It is refered to as a quasi-Kagome lattice because it
is formed by corner-sharing equilateral triangles as in a
Kagome lattice. However, in this structure every rare earth
atom has only two nearest neighbers, not three as in a pro-
totype Kagome lattice.
11 Y. Tokiwa, M. Garst, P. Gegenwart, S.L. Bud’ko, and P.C.
Canfield, Phys. Rev. Lett. 111 (2013) 116401.
12 Y. Tokiwa, C. Stingl, M-S. Kim, T. Takabatake, and P.
Gegenwart, Sci. Adv. 1 (2015) e1500001.
13 H. Kitazawa, A. Matsushita, T. Matsumoto, T. Suzuki,
Phys. B 199&200 (1994) 28.
14 Y. Isikawa T. Mizushima, N. Fukushima, T. Kuwai, J.
Sakurai, and H. Kitazawa, J. Phys. Soc. Jpn. 65 (Suppl.
B) (1996) 117.
15 Y. Isikawa, T. Kuwai, T. Mizushima, T. Abe, G. Naka-
mura, and J. Sakurai, Phys. B 281&282 (2000) 365.
16 A. Do¨nni, G. Ehlers, H. Maletta, P. Fischer, H. Kitazawa,
and M. Zolliker, J. Phys.: Condens. Matter 8, 11213
(1996).
17 A. Oyamada, S. Maegawa, M. Nishiyama, H. Kitazawa and
Y. Isikawa, Phys. Rev. B 77 (2008) 064432.
18 K. Katoh et al., J. Magn. Magn. Meter. 268 (2004) 212.
19 Y. Singh et al., Phys. Rev. Lett. 108 (2012) 127203.
20 D.X. Li, S. Nimon, H. Kitazawa, Y. Shiokawa, Physica B
378-380, 805 (2006).
21 T. Goto, S. Hane, K. Umeo, T. Takabatake, Y. Isikawa, J.
Phys. Chem. Solids 63 (2002) 1159.
22 L. Balicas, S. Nakatsuji, H. Lee, P. Schlottmann, T.P. Mur-
phy, and Z. Fisk, Phys. Rev. B 72, 064422 (2005).
23 S.M. Thomas et al., Phys. Rev. B 93 (2016) 075149.
24 J. Custers et al., Nature 424 (2003) 524.
25 K. Prokes et al., Phys. B 385&386 (2006) 359.
26 S. Friedemann et al., Nat. Phys. 5 (2009) 465.
27 S. Friedemann et al., J Low Temp. Phys. 161 (2010) 67.
28 P.G. Niklowitz, G. Knebel, J. Flouquet, S.L. Bud’ko, and
P.C. Canfield, Phys. Rev. B 73 (2006) 125101.
29 N. H. Andersen and H. Smith, Phys. Rev. B 19 (1979) 384.
30 S.A. Grigera, R.S. Perry, A.J. Schofield, M. Chiao, S.R.
Julian, G.G. Lonzarich, S.I. Ikeda, Y. Maeno, A.J. Millis,
and A. P. Mackenzie, Science 294 (2001) 329.
